Abstract: The contribution of Asian chemists to the International Conference on Heteroatom Chemistry (ICHAC) meetings, several topics in low-and high-coordination main group element chemistry mainly in Japan, and our contributions to heteroatom chemistry are described. Other important compounds from other countries will also be presented.
INTRODUCTION
Heteroatom chemistry has supported organic chemistry by providing synthetic methodologies for C-C bond formation. The Wittig reaction and hydroboration are representative examples that were developed by Wittig and Brown, respectively, who received the Nobel Prize in chemistry in 1987. Since then, many reactions utilizing characteristics of heteroatoms have been developed. Heteroatom chemistry has gradually shifted to organic element chemistry treating mainly chemical properties such as bonding modes, structural features, etc. based on the characteristics of the heteroatom or main group element. Here, I wish to overview such heteroatom chemistry through reports on symposiums and research funds related to heteroatom chemistry in Japan, the Asian contribution to conferences from the 1 st to 9 th International Conferences on Heteroatom Chemistry (ICHAC) in oral and poster presentations, chemistry of compounds bearing low-and high-coordination main group elements, the contribution of our group to heteroatom chemistry, and future heteroatom chemistry.
SYMPOSIUMS AND RESEARCH FUNDS RELATED TO HETEROATOM CHEMISTRY IN JAPAN Symposiums
In 1967, Oae, who was chair of the 1 st ICHAC, a father of sulfur chemistry, started the 1 st Symposium on Organic Sulfur Chemistry (1 st to 6 th ), together with Hori and Kaji. Mukaiyama and Inamoto started the 1 st Symposium on Organophosphorus Compounds in 1972. In 1973, these symposiums were combined and continued as the Symposium on Organic Sulfur and Phosphorus Compounds (1 st to 16 th ). In 1987, the 1 st ICHAC was held mainly by leaders of this sulfur and phosphorus symposium in Kobe. In 1990, three years after the successful end of the 1 st ICHAC, the name of the Symposium on Organic Sulfur and Phosphorus Compounds was changed to the Symposium on Heteroatom Chemistry (17 th to Japanese war helmet (Kabuto)-shaped molecule that nicely prohibits its dimerization. The 29 Si-NMR chemical shift was 507.4 ppm, which is a characteristic for low-valent silicon species.
Compounds with a double bond between heavier main group elements
As double bond compounds between heavier group 14 elements, disilene 7 [7] and its heavier element analogues, digermene 8 [8] , distannene 9 [9] , and diplumbene 10 [10] , were synthesized (Scheme 3). Tetramesityldisilene (7) was synthesized by West et al. as the first Si-Si doubly bonded compound. It is interesting to point out that bulkier substituents must be introduced on going from the third to the sixth row.
The year 1981 was a memorable year, when the double bond rule that compounds with a double bond between heavier elements below the third row do not exist, was violated by successful syntheses of stable disilene 7 [7] by West et al. in the United States and diphosphene 11 [11] , by Yoshifuji and Inamoto et al. in Japan (Schemes 3 and 4).
The disilene was stabilized by introduction of mesityl group as a steric protection group, the much bulkier 2,4,6-tri-tert-butylphenyl group was needed for the diphosphene, because four steric protecting groups can be introduced to the disilene, while only two groups are available for the diphosphene. The heaviest element analogues of these series, namely, diplumbene 10 [10] and dibismuthene 12 [12] , were successfully synthesized by Weidenbruch et al. and Tokitoh and Okazaki et al., respectively, although much bulkier groups than mesityl and 2,4,6-tri-tert-butylphenyl groups were necessary as shown in Schemes 3 and 4. Structural features of these series are as follows: the compounds in the heavier group 14 series have trans-bent structures, while the heavier group 15 series have planar structures, however, the carbon-pnictogen-pnictogen angles are much smaller than 120º, which are considered as different phenomena originating from the difficulty of hybridization between s-and p-orbitals in heavier elements in sharp contrast with each second-row element.
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Heavy aldehydes and ketones
Thiobenzaldehyde 13 [13] and selenobenzaldehyde 14 [14] were reported relatively early by Okazaki et al. by taking advantage of kinetic stabilization by the 2,4,6-tri-tert-butylphenyl group. Telluroketone 15, which is stable in solution, was also obtained by the same group [15] . For other heavy ketones, silanethione 16 [16] , germanethione 17 [17] , germaneselone 18 [18] , germanetellone 19 [19] , and even stannaneselone 20 [20] [22] . This has a trigonal planar structure around the germanium atom.
Heterocumulenes containing heavier main group elements
As phosphorus-containing examples, a 1,3-diphosphaallene [23] and a 1-phosphaallene [24] bearing 2,4,6-tri-tert-butylphenyl group(s) as a steric protecting group were synthesized. These molecules are not linear, but slightly bent, which is a different feature from the ketene or carbodiimide. Kira et al. succeeded in synthesizing the trisila analogue, trisilaallene 23 [25] , which has a bent structure with disorder (Scheme 7).
Heavier analogues of acetylene
Heavier analogues of acetylene have been synthesized. In 2004, Sekiguchi et al. and Wiberg et al. independently reported the first Si-Si triple bond compounds [26, 27 ]. Sekiguchi's compound 24 was synthesized as an emerald green crystal by reduction of the corresponding tetrabromodisilane with potassium graphite (Scheme 8) [26] . The X-ray analysis showed that it has a trans-bent structure, which is completely different from acetylene. The bond length is shorter than a double bond length, indicating a real Si-Si triple bond.
Very recently, an aryl-substituted digermylyne was synthesized by Tokitoh et al. and shown to have a Ge-Ge triple bond [28] . For this type of compound, the situation changes completely on going farther down in the periodic table. Power et al. succeeded in synthesizing a lead analogue 25 of acetylene (Scheme 9) and showed that the Pb-Pb bond is not a triple bond at all, but a single bond and concluded that this compound should be recognized as a bis-plumbylene [29] .
Recently, Robinson et al. reported naked main group diatomics such as diborene [30] , disilene [31] , and a P 2 complex [32] stabilized by NHC as new types of unsaturated compounds. 
Aromatic species containing heavier group 14 elements
Among them, heavy metallocyclopentadienides were the first to be synthesized. Silanole dianions [33] were synthesized as the first example, and then germanium analogues were also synthesized [34] . Disilagerma and trisila versions were also reported by Sekiguchi et al. [35, 36] . Very recently, Saito et al. succeeded in synthesizing heavier analogues, stannole dianion [37] , and plumbole dianion 26 (Scheme 10) and concluded that even plumbole dianion 26 has aromaticity from the fact that there is no bond alternation between the endocyclic C-C bonds and that it has a negative nucleus-independent chemical shift (NICS) value [38] .
Aromatic cation species were also synthesized. Sekiguchi et al. succeeded in obtaining the trisilacyclopropenium cation 27 (Scheme 10), which is a trisila analogue of the aromatic cyclopropenium cation, as a salt with tetrakis(4-tert-butyl-2,3,5,6-tetrafluorophenyl)borate [39] . The X-ray analysis showed that this is a completely free silycenium cation without interaction with a counter anion.
After the attempted synthesis of a silabenzene by Märkel et al. [40] , Tokitoh and Okazaki et al. opened the chemistry of neutral aromatic compounds containing heavier group 14 elements. As the first example, 2-silanaphthalene 28 (Scheme 10) was synthesized by taking advantage of kinetic stabilization by the Tbt group [41] . Its aromaticity was confirmed by a planar structure without bond alternation, a negative NICS value similar to that of naphthalene, etc. This chemistry has been continued by Tokitoh et al. and now tin analogue 29 (Scheme 9) has been successfully synthesized [42] . In 2007, Sekiguchi et al. reported the synthesis and characterization of 1,2-disilabenzenes 30 (Scheme 10) by (2 + 2 + 2)-cycloaddition of disilyne 24 with 2 molar equiv of phenylacetylene [43] . Very recently, Tokitoh et al. reported 1,2-disilabenzenes containing aromatic Bbt groups at the 1,2-positions [44] .
showed that they have a pseudotrigonal bipyramidal, trigonal bipyramidal, and octahedral structures, respectively.
Very recently, Sato, Furukawa, and Nabeshima et al. succeeded in synthesizing all carbon persulfurane 41 [57] by taking advantage of the high reactivity of the sulfurane dication, which was originally synthesized from the corresponding sulfurane (Scheme 14). The structure of 41 was determined by X-ray analysis to be octahedral.
As its heaviest analogues, hexaaryltellurium compounds, Ph 6 Te and (4-CF 3 C 6 H 4 ) 6 Te with octahedral structures had already been synthesized by Akiba et al. using quite pure synthetic intermediates [58] .
CONTRIBUTION FROM OUR GROUP TO HETEROATOM CHEMISTRY
Among our contributions to main group element chemistry, three topics, namely, chemistry of fourmembered ring compounds containing high-coordination main group elements, photocontrol of the coordination number of a main group element utilizing photoisomerization of an azobenzene unit, and the "Asura" bond compound are described.
Chemistry of four-membered ring compounds containing high-coordination main group elements
Since the first report on "Novel synthetic route to isolable pentacoordinate 1,2-oxaphosphetanes and mechanism of their thermolysis, the second step of the Wittig reaction" [59] , we have investigated several types of four-membered ring compounds containing high-coordination main group elements (B, Si, Ge, Sn, P, Sb, S, Se, Te, and I). Most of them are synthesized by taking advantage of the stabilizing effect of the Martin ligand on highly coordinated states. These results have been summarized as review and account articles [60] [61] [62] [63] [64] . These compounds showed three main reactivities, depending on the group of the central atoms. The first one is the reactivity as intermediates of the Wittig-type reaction, that is, their thermolyses give the corresponding alkenes in the cases of the compounds containing B, Si, Ge, Sn, and P. The second reactivity is the three-membered ring formation, which is strongly related to the Corey-Chaykovsky reaction, in the cases of some S-or Se-containing compounds. The third type is the reactivity as intermediates in the homo-Brook rearrangement; that is, giving the corresponding alcohols after hydrolysis in the cases of the compounds containing silicon with a proton source and less steric hindrance at the 3-position. Interestingly, X-ray analysis showed that they have distorted trigonal bipyramidal structures or pseudotrigonal bipyramidal structures. The iodine analogue was shown to have a T-shaped structure [65] . Here, two relatively recent examples, namely, a pentacoordinated 1,2-oxastibetane and a tetracoordinated dithietane, are shown.
As a heavier group 15 element analogue of pentacoordinated 1,2-oxaphosphetane, we synthesized pentacoordinated 1,2-oxastibetane 42 (Scheme 15) and showed it has a crystal structure similar to that of 1,2-oxaphosphetane by X-ray crystallographic analysis [66] . However, the reactivity was completely different from that of the phosphorus analogue, despite the same group 15 element as phosphorus (Scheme 15). That is, its thermolysis gave the corresponding epoxide with retention of configuration. This selectively gave two different products, the corresponding epoxide with inversion of configuration and an alkene with retention of configuration by changing the reaction conditions, in the presence of LiBr or LiBPh 4 ؒ3DME, so that we called this compound a "chameleon compound" (Scheme 15). Further investigations showed that during thermolysis in the presence of LiBPh 4 ؒ3DME, the corresponding hexacoordinated 1,2-oxastibetanide formed by migration of the phenyl anion from tetraphenylborate to the antimony of 42 is a reactive intermediate, which gave the corresponding alkene. The difference in the reactivity between phosphorus and antimony compounds would stem from the difference in the bond energy between P=O and Sb=O bonds.
Very recently, we succeeded in synthesizing tetracoodinated dithietane 43, sulfur analogues of tetracoordinated 1,2-oxathietanes. The structure was determined by the X-ray crystallographic analysis to be a pseudotrigonal bipyramid with oxygen and sulfur at the equatorial positions [67] . This compound showed a reactivity similar to that of the usual disulfides. Furthermore, thermolysis gave the corresponding thiirane, whose relative stereochemistry at the 3-and 4-positions was shown to be maintained by using 4-phenyl-4-(4-tert-butylphenyl) derivative 44 [68] (Scheme 16). This is the third example of these compounds, which undergo ligand coupling to give the corresponding three-membered ring compound with retention of configuration. 
Photocontrol of the coordination number of main group elements utilizing azobenzenes
To photocontrol of the coordination number of main group elements, we thought to introduce a main group element to the 2-position of azobenzene, which is well known as a chromophore and has an azo group available for coordination. If so, the coordination number can be controlled by photoirradiation, because the coordination of the nitrogen is broken or rebuilt by photoisomerization. If one can control the coordination number, one can also control the reactivity by irradiation. Initially, silicon compounds are described. We synthesized 2-trifluorosilylazobenzene (45), which was shown to have a pentacoordinated silicon both in solution and in the solid state by variable-temperature NMR and X-ray crystallographic analysis [69] . Hexacoordinated tetrafluorosilicate (E)-46 was obtained by treatment of 45 with KF in the presence of 18-crown-6 at room temperature. Interconversion between (E)-46 with coordination number 6 and (Z)-46 with coordination number 5 was achieved under irradiation at 360 and 431 nm (Scheme 17) [69] . We could isolate both isomers and obtain single crystals suitable for X-ray crystal analysis. X-ray crystallographic analysis showed that (E)-46 has an octahedral structure consisting of four fluorine, one nitrogen, and one carbon atoms, where the nitrogen and carbon atoms are cis to each other, while (Z)-46 has a trigonal bipyramidal structure consisting of four fluorine and one carbon atoms, where two fluorine atoms occupy the apical positions, because the nitrogen of the azo group can no longer coordinate to the silicon in (Z)-46 [69] .
If the coordination number were changed, the reactivity also should be changed. Therefore, we next attempted to photocontrol the reactivity by irradiation. We synthesized allylsilane (E)-47 [70] and tried the Hosomi-Sakurai reaction using this pentacoordinated allylsilane and benzaldehyde. However, no reaction took place, because the coordination is not strong enough to promote the reaction. To increase the coordination number of the silicon, we added KF to a solution of (E)-47 in the presence of 18-crown-6, resulting in allyl-migration from silicon to nitrogen atoms to give the corresponding N-allylhydrazinosilicate 48 at room temperature within 10 min (Scheme 18).
Interestingly, under the same conditions, (Z)-47 formed by irradiation of (E)-47 did not undergo the allyl-migration at all, but the reaction occurred again when (E)-47 was formed by irradiation [70] . Further investigations showed that this migration occurred intramolecularly via a six-membered transition state (γ-attack of the allyl group) [71] . Thus, we could demonstrate photocontrol of go or stop of the allyl migration reaction.
Next, we attempted to introduce a diphenylphosphino group to the 2-position of azobenzene instead of the silyl group. Thus obtained (E)-49 was found to be in equilibrium with the inner phosphonium salt 50, which formed by nucleophilic attack of the phosphorus lone pair on the nitrogen of the azo group of (E)-49 [72] . The inner phosphonium salt 50 can be recognized as an intramolecular intermediate of the Mitsunobu reagent, which readily hydrolyzes to give the corresponding hydrazinophosphine oxide 51 (23 °C, 1 min). The hydrolysis reaction did not occur in (Z)-49 formed by photoisomerization of (E)-49 under the same reaction conditions (Scheme 19). Thus, we could control the hydrolysis reactivity by irradiation.
"Asura-BOND" COMPOUND
Besides the above-mentioned silylsilicate 34, several types of highly coordinated silicon compounds with a Si-Si bond have been reported so far (Scheme 22). Tetrasilanes 54 and 55 with two neutral pentacoordinated silicon atoms by carbonyl oxygen and nitrogen lone pairs were also reported by Tanaka et al. [78] and Tamao et al. [79] , respectively. We also synthesized the neutral compounds 56 and 57 with two heptacoordinated and pentacoordinated silicon atoms by sulfur-and oxygen-coordination, respectively [80, 81] . However, there was no report on dianionic disilicate at that time, because it seemed very difficult to overcome the electrostatic and steric repulsions.
We have overcome this difficulty and succeeded in synthesizing dianionic silicon species 58 and 59 with a bond containing two pentacoordinated silicon atoms [82] . The reaction of spirosilane 60 with lithium metal in 1,2-dimethoxyethane (DME) gave the desired dilithium salt 58 as a colorless solid (Scheme 23). This is the first dianionic disilicate. Surprisingly, this was stable in both air and water despite the presence of the two negative charges. In the 29 Si NMR, a signal was observed at δ -58.9 ppm, which is a reasonable value for pentacoordinated silicon compounds.
X-ray analysis of bis(benzyltrimethylammonium) disilicate 59 (Scheme 23) was carried out successfully to show that this compound has a direct bond (2.364 Å) between pentacoordinated silicon atoms, which is close to the average Si-Si single bond length of 2.34 Å of usual disilanes, despite the anticipated electronic repulsion and steric repulsion. %TBPe and %TBPa, which are used as an indicator of how close the structure is to trigonal bipyramidal, were calculated to be 100 and 99 %, indicating that the silicon atoms have an almost ideal trigonal bipyramidal structure.
Electronic repulsion is considered to decrease by the distribution of negative charge to the periphery, namely, oxygen and carbon atoms at the positions adjacent to the silicon atoms, giving a positive T. KAWASHIMA charge to the silicon atoms, which was supported by theoretical calculations of the atomic charges, while steric repulsion is reduced by rotation around the Si-Si bond, as shown by the very large O-Si-Si-O torsion angle (66.64º).
Protonation by HCl occurred on both oxygen atoms to give disilane 61, showing that the oxygen atoms bonded to the silicon atom are basic (Scheme 23). Its UV-vis absorption band was observed at 258 nm, which is red-shifted compared with that (241 nm) of the usual reference disilane Ph 3 SiSiPh 3 . Cyclic voltammetry showed a low oxidation potential (E pa = -0.22 and 0.83 V) compared with Ph 3 SiSiPh 3 (E pa = 0.95 V). Thus, this compound has the three above-mentioned characteristic properties. The Asura statue is well known to have three faces, six hands, and two legs. As eight bonds extend from the Si-Si body of the disilicate and the above three properties can be recognized as six hands + two legs + three faces, we named this compound an "Asura bond" compound from the structural similarity.
FUTURE HETEROATOM CHEMISTRY
Related fields to heteroatom chemistry now are π-electron chemistry, organic synthesis, materials science, molecular recognition, transition-metal chemistry, and polymer science. Interdisciplinary research between heteroatom chemistry and the above-mentioned related fields is now ongoing, although which field is more heavily weighted depends on each researcher. In heteroatom chemistry, element chemistry concerning both low-and high-coordination element compounds has been developed independently and affected by other related chemistry. In the future, combined chemistry between low-and high-coordination compounds will be important from the viewpoint not only of fundamental chemistry, but also of materials science. Although this may be one direction of future heteroatom chemistry, I think future hetero atom chemistry should be opened in different dimensions and further developed by young chemists. Therefore, I wish to get the following message out to the young chemists, "HOW TO DO OR NOT TO DO HETEROATOM CHEMISTRY. THAT IS THE QUESTION".
Because of page limitations, I did not describe materials science. Finally, I thank all heteroatom chemists not only in Japan, but also throughout the world.
